The two vertical halves of the wall of a 4.3-in. I.D. cylinder were maintained a t different uniform temperatures. The rate of circulation of air inside the cylinder and the local rate of heat transfer between the wall and air were derived from measurements of the velocity and temperature fields in the air for wall-temperoture differences from 3.5' to 367'F. The overall rate of circulation was found to increase quite rapidly and then to decrease slowly as the wall-temperature difference was increased. The over-all Nusselt number based on the walltemperature difference was found to have an approximately constant value of 7.0.
The importance of natural convection in space heating and meteorology has long been recognized. More recently attention has been given to such applications as the emergency cooling of nuclear reactors, the cooling of gas turbine blades, and the recombination of the oxygen and hydrogen involved in water-boiler types of nuclear reactors. Nevertheless natural convection, particularly in enclosed spaces, has been a relatively neglected field of investigation.
Apparently natural convection in a horizontal cylinder has been studied experimentally only by Ostroumov ( l ) , who discussed the determination of the temperature gradients in glycerine by an optical method but did not present any data. Zhukhovitskii and others ( 2 , 3 , 4 ) outlined a method for the approximate solution of the mass, energy, and momentum equations describing natural convection. Results in agreement with the unpublished experimental work of Ostroumov were claimed. The method appears to be applicable only for low temperature differences and/or for fluids of high viscosity, and only for very special boundary conditions.
In this investigation a long horizontal circular cylinder and a step function in temperature at the vertical diameter were chosen for simplicity. Figure 1 is a diagram of the experimental apparatus. A 3-ft. length of 4-in. standard iron pipe was cut in two lengthwise and welded into two iron jackets as shown. The inside surface of the pipe was machined to a uniform diameter of 4.3 in., and the two boxes were then positioned with a cylindrical template. A y4-by 3-in.
EXPERIMENTAL APPARATUS
channel was constructed completely through one jacket, and a Lucite window was fitted in the pipe wall at the! end of this channel to permit illumination of the inside of the pipe. The ends of the pipe were closed with glass plates.
The %-in. space between the jackets above and below the pipe was filled with asbestos felt. With the exception of the windows, the jackets were covered with 4 in. of insulation and a layer of alumi-A.1.Ch.E. Journal num foil. A plug of insulation coveqed the Lucite window when it was not in use for velocity measurements.
Heat was supplied to one jacket by electrical resistance elements. The energy input was regulated by a variable transformer and measured by a wattmeter. The jacket was filled to a depth of 2 or 3 in. with acetone water, Dowtherm A or Dowtherm E and evacuated to remove air from the vapor space. A condenser was mounted in the top of the jacket so that the entire jacket was filled with vapor or liquid at the saturation temperature. The pressure was measured with a mercury manometer, which also served as a safety valve.
The other jacket was filled almost to the top with acetone. Originally it had been planned to allow the acetone to boil and then to condense on the cooling coils, but operation with the cooling coils immersed in the liquid yielded a more uniform wall temperature. To minimize leaks, a slight vacuum was maintained on the cooling jacket. The rate of heat removal through the cooling coils in the two jackets was determined by passing the cooling water through rotameters and measuring the inlet and outlet temperatures.
TEMPERATURE MEASUREMENT
Cooling water and wall temperatures were measured with calibrated, 30-gauge, copper-constantan thermocouples. Fwteen thermocouples located at various points in the cylinder wall indicated that longitudinal temperature gradients were negligible in the central half of the cylinder wall. Consequently a two-dimensional temperature and velocity field was assumed to exist in the air in the central region. The reported temperatures of the hot and cold wall were measured in thennowells that penetrated almost to the inside surface at the horizontal diameter. Thermocouples soldered to the outside of the walls at the top and bottom indicated that the temperature variation over the walls was less than 10% of the temperature differences between the walls. The experimental boundary condition thus closely approached the idealized case of a step function in wall temperature.
The air temperature was measured with a calibrated, 40-gau e, chrome1 P-alumel thepocouple stretcked parallel to the axis of the cylinder with the junction at the center. This single wire was supported by a rod across each end of the cylinder, just inside the glass end plates. A small spring at one end of the wire maintained tension. The two rods were allowed to slide in three horizontal and three vertical grooves. The location of the temperature traverses is indicated in Figure  2 . To position the thermocouple, the rods were placed in corresponding grooves at the two ends; then each rod was moved by hand until the stretched wire was aligned with grid lines on the end plates. Energy balances for the 40-gauge thermocouple wires indicate that the effect of radiation on the air-temperature measurements and on the desired heat transfer rates was negligible.
VELOCITY MEASUREMENT
The velocity field was determined by photographing dust particles suspended in the air. A small quantity of titaniumdioxide pigment having particle diameters from 3 to 7 p was blown into the center of the test space through a small tube. The flow pattern reestablished itself in about 30 sec. after introduction of the dust. The settling velocity of the particles was calculated to be 0.05 to 0.2 in./sec., which was negligible compared with the air velocity in most of the region.
The particles were illuminated through the Lucite window in one side of the cylinder. Fast-peaking flash bulbs were used so that the flow measurements would be completed before the flow could be affected by the thermal radiation. The time scale of the acceleration due to the bulbs was observed to be far greater than the period of exposure. A Lucite light horn directed the light from the bulbs into the center of the test regions as indicated in Figure 1 . The bulbs were Ered by microswitches riding on a wheel driven at 37. radial mark on the wheel. In order to photograph the particles, the glass end plates on the cylinder were replaced with opaque plates, one of which had a hole at the axis of the cylinder. A short black cardboard tube leading from this hole to the camera acted as a lens shade and also shielded the test region from external drafts. A triple exposure was obtained at fJ4.5.
An enlarged section of a photograph obtained as described above is shown in Figure 3 . This photograph shows clearly the groups of three images from which the velocities and streamlines were deduced. Dust tracks very near the wall were obscured by wall reflections.
The photographs were analyzed by tracing the flow lines and measuring the distance between the images of each particle. The flow lines obtained for run 4 are sketched in Figure 4 . The velocities along the horizontal and vertical diameters are drawn as curved vectors, and the ends of the vectors are connected by a heavy line.
FLOW FIELD
The major characteristics of the fluid motion are apparent from the streamlines and velocity vectors sketched in Figure 4 for a wall-temperature difference of 70°F. The flow patterns for all of the other experiments were quite similar. A narrow ring of gas circulates around the wall of the cylinder, but the gas in the central region is relatively stagnant. The velocity of the narrow ring of circulating gas increases up the hot wall as the gas is heated, decreases along the top of the cylinder, increases down the cold wall, and decreases again at the bottom of the cylinder. The width of the circulating ring of gas decreases up the hot wall, increases at the top, decreases down the cold side, and increases again along the bottom as required to conserve momentum. This increase and decrease in the amount of circulating gas produces large, slow eddies in the stagnant core. The motion near the wall was observed to be parallel to the wall ( Figures 3 and 4) , steady with time, and reproducible; therefore it can be considered laminar. The motion in the central region was also steady with time and reproducible.
Because of a positive vertical temperature gradient in the central core, the entire volume of gas does not circulate as a solid disk, as might otherwise have been expected. The central core resists rotation owing to its increasing density from top to bottom and can be considered analogous to a disk weighted at the bottom. The velocities were determined with the most confidence along the horizontal radius on the cold side, where the illumination was most intense. Figure  5 plots the horizontal velocity profiles for three wall-temperature differences.
A decrease in the width of the circulating ring with increasing wall-temperature difference can be observed. The velocities at five points along this radius and at one point in the upper vertical radius are plotted vs. walltemperature difference in Figure 6 . The data show considerable scatter but indicate a maximum velocity at all points at a wall-temperature difference of approximately 40°F.
The total volumetric and mass rates of flow across the horizontal radius on the cold side were obtained by integration, with the three velocity and temperature profiles shown in Figure  5 . The maximum velocities and hence the integrated flow rates were less certain in the other runs. The results are pressed in terms of the temperature gradient in the fluid: that is plotted vs. temperature difference in Figure 7 , indicating a rapid increase and then a slow decrease in the overall rate of circulation of gas with increasing wall-temperature difference.
TEMPERATURE FIELD
A typical set of temperature traverses is shown in Figures 8 and 9 . Temperatures along the horizontal radius on the cold side are shown in Figure 5 for the same three wall-temperature differences for which the local velocities are plotted. The complete temperature data for thirteen different runs are given in reference 5. The temperature data for all thirteen runs are interpreted in the following paragraphs in terms of the local rates of heat transfer along the cylinder wall.
HEAT TRANSFER RATES
The local rate of heat transfer to or from an isothermal wall can be ex- This approximation was used to estimate the local rates of heat transfer from the measured temperatures.
The temperatures along the horizontal and vertical traverses were observed to vary linearly with distance near the wall. Hence the gradient was determined by fitting a straight line through three to five points near the wall by least squares. The local rate, the local heat transfer coefficient based on the wall temperature difference and hD/k were then calculated from the gradients. The 50% confidence limits for these quantities were calculated by the method described in Duncan (7) . The physical properties of the air were in all cases evaluated at the wall temperature with the values given in Eckert (8) . The results are illustrated in Figure 10 for the set of data in Figures 8 and 9 .
The local rates at each of the twelve positions around the wall were plotted vs. wall-temperature difference and smoothed as illustrated in Figure 11 for the horizontal radius on the cold side. The smoothed data for all positions and temperature differences are sum-symmetry ,in the heat transfer rates marized in Figure 12 . Since the tem-was not to be expected. perature and velocity fields were not
The over-all rates of heat transfer symmetrical on the hot and cold sides, were determined by graphical integra- tion of the local rates. For example the areas above the curve on the right and below the curve on the left in Figure  10 are divided by 180" to obtain the corresponding over-all Nusselt number h,D/k for the heated side and cooled sides, respectively. The over-all rates, heat transfer coefficients, and Nusselt numbers determined from these integrations are given in Table  1 . Owing to sigd3cant heat losses through the insulation to the surroundings and owing to radiation from the hot wall to the cold, the data obtained from the wattmeter and the cooling water stream do not provide direct information on the rate of heat transfer by convection. Accordingly these data are not reproduced herein.
The over-all rates determined from the temperature field are plotted in Figure 13 as heat transfer coefficients vs. temperature difference. The coefficients show only a slight increase as the temperature difference increases from 3.5" to 367°F. Curves representing the correlations of GrifEths and Davis (9); Jakob (6); and Peck, Fagan, and Werlein (10) for natural convection in air between encl~sed vertical plates are included in Figure  13 . The observed coefficients for the cylindrical region are of the same order of magnitude. Since these three previous correlations represent data taken in rectangular regions where the height was at least three times the width, and since the data are not compared in dimensionless form, this agreement is rather surprising and perhaps coincidental.
The experimental data for heat transfer by natural convection for other geometries and boundary conditions have been correlated successfully in terms of the dimensionless groups Nu and Pr Gr only. Therefore the results of this investigation can be interpreted with some justification in this general form even though the experiments were limited to a single diameter and to air at atmospheric pressure. The data in Figures 6, 7 , and 11 might similarly be reinterpreted in dimensionless terms.
MACHINE COMPUTATIONS
Numerical solution of the simultaneous partial differential equations describing conservation of mass, energy, and momentum in a gas inside an in-finite horizontal cylinder with a vertical step in wall temperature was attempted on an IBM-650 magnetic drum computer. The details of this computational experience are presented in reference 5, and only the more significant features are reported herein.
The region within the cylinder was divided into a grid of points representing elemental volumes, and the differential equations were approximated by finite difference equations in terms of the temperatures and velocities at these points. The resulting set of algebraic equations was then solved by reiteration in real time, yielding an unsteady state solution with the steady state solution as an asymptote.
Because of storage limitations of the computer, an explicit representation was used; that is the spatial derivatives of temperature and velocity were written in terms of present and incrementally past values of the variables. Extensive exploratory calculations indicated that the explicit representagon was unstable for any time increment. Solution of the mass and momentum equations only, with ftred values for the temperature field from the experimental measurements, was also unsuccessful owing to instability.
A convergent solution for the energy equations only was obtained by the use of fixed values for the velocity field taken from the experimental measurements. The computed dimensionless isotherms for conditions equivalent to run 4 are compared with the experimental values in Figure 15 . Significant uncertainties in the measured velocities, as well as idealizations in the differential representation, the finite number of grid points, round-off errors, and failure to carry the computations completely to the steady state could be expected to introduce discrepancies between the experimental and computed temperatures. In view of these considerations the agreement is quite reasonable. The most apparent discrepancy in the temperature is the 20-deg. inclination of the computed isotherms toward the hot side in the central region as compared with the almost horizontal measured isotherms.
The temperature gradients at the wall which determine the rate of heat transfer are compared in Figure 16 . This is a very critical test in which errors are magnified by an order of magnitude, and the agreement is surprisingly good. The saw-tooth behavior in the computed curve occurs because alternate points rather than consecutive points are associated in the computations. The constntction of a smooth curve between the points would therefore have been justifiable if the objec- tive were to produce the best estimate of the gradient rather than to illustrate the results obtained by computation.
If the thermal conductivity were constant, the net area under the curve should be zero, since as much heat must leave the gas as enters. The experimental gradient integrates to very nearly zero, but the computed gradient shows a net heat input. This success with the energy equation and the failure with the momentum and mass equations suggests that the nonlinearity of the momentum equations is the key to the instability of the general problem. Linearization of the momentum equations by some transformation or idealization would undoubtedly yield stable difference equations. However such a procedure loses the very advantages of exactness promised by numerical integration. A stable procedure probably can be developed with implicit representations, but such a program is feasible only on a computer with much greater storage than the IBM-650.
Vol

CONCLUSIONS
Although the experimental investigation was exploratory rather than definitive, several general conclusions can be drawn concerning the fluid motion and the rate of heat transfer in a circular cylinder with a vertical step function in wall temperature:
1. The air circulates rapidly in a narrow band near the wall while the central core of air is essentially stagnant. rate increases rapidly and then decreases slowly with increasing wall-temperature difference.
The circulation
3. The local heat transfer coefficient varies considerably with angle and increases only slightly with increasing wall-temperature difference.
4. The over-all rate of heat transfer by convection for air at atmospheric pressure inside a 4.3-in. cylinder corresponds to a coefficient of approximately 0.3 B.t.u./(hr.) (sq. ft.) ( O F . ) or a Nusselt number of approximately 7 over a range of wall-temperature difference from 3.5" to 367°F.
Several general conclusions can similarly be drawn from the exploratory computational investigation:
1. Explicit finite difference representations for the momentum, energy, and mass equations appear to be unstable for any size of the time increment.
2. The instability is apparently due to the nonlinear terms in the momentum equation.
3. A stable procedure probably can be developed with implicit representations, but such a program requires a computer with greater storage than the IBM-650. 4 . The agreement demonstrated between the measured temperatures and those computed by utilizing the measured velocities gives support to both the experimental values and to the numerical representation and computational, procedure.
5.
A method for a priori machine computation of natural convection for any boundary conditions and physical properties has real economic as well as scientific value. This computational experience is believed to be a significant step in developing such a method even though only partial success was realized. Despite more than 200 previous error by 5% at only a few hundred atmospheres of pressure. AS a corollary the prediction of properties derived from the compressibility, such as the fugacity of the component of a gaseous
The present experimental study of the compressibility of mixtures of carbon dioxide and argon provides new information about gas-mixture compres- 
